Ion-exchange chromatography (IEX) relies on electrostatic interactions between the adsorbent and the adsorbate, and is used extensively in protein purification. Conventional IEX utilizes ligands that are singly charged and randomly dispersed over the adsorbent, creating a heterogeneous distribution of potential adsorption sites. Clustered-charge ion exchangers exhibit higher affinity, capacity, and selectivity than their dispersed-charge counterparts of the same total charge density. In the present work, we monitored the transport behavior of an anionic protein near clusteredcharge adsorbent surfaces using Fluorescence Correlation Spectroscopy. We can resolve protein free diffusion, hindered diffusion and association with bare glass, agarose-coated, and agaroseclustered peptide surfaces, demonstrating that this method can be used to understand and ultimately optimize clustered charge adsorbent and other surface interactions at the molecular scale.
We previously showed that immobilizing charges in uniform groups creates "clusteredcharge ion exchangers" which are more effective than their dispersed adsorbent counterparts with the same total charge density [Chen, et. al. 2011; Fu, et. al. 2007 ]. Specifically, clustered-charge adsorbents exhibit enhanced affinity and capacity of protein adsorption and greater selectivity in favor of proteins with patches of high local surface charge density. In related work, it was also demonstrated that a polymer brush with embedded cationic patches can sharply separate proteins with similar numbers of charges [Gon and Santore 2011] . Thus, clustered-charge adsorbents show promise for improving the purification of charged biomolecules.
IEX has been combined with confocal microscopy to characterize adsorption behavior on the macroscopic level [Harinarayan, et. al. 2006; Reichert, et. al. 2002; Wang and Yang 2008; Yang, et. al. 2006] , and the adsorption of dye molecules on silica chromatographic substrates on the single molecule level [Wirth, et. al. 2003 ]. Theoretical modeling has also been applied to the study of these systems [Schirmer and Carta 2008] . The investigation of IEX with realistic protein adsorbates at microscopic levels, however, has yet to be performed. Monitoring ion-exchange adsorption at the single-molecule level includes interactions and dynamics of the probe molecule with the functionalized surfaces and in bulk solution [Boyd, et. al. 1947; Isailovic, et. al. 2007; Kang, et. al. 2001; Kang and Yeung 2002; Xu and Yeung 1998; .
In order to understand and optimize IEX at the single molecule level, several experimental hurdles must be overcome. First, it must be possible to prepare, label, and isolate adsorbates for analysis at a purity that is appropriate for single-molecule scale experiments. Next, it is necessary to monitor and tune transport of the analyte to the IEX matrix. Finally, it is necessary to minimize or eliminate unwanted nonspecific interactions and to differentiate between them and the desired specific interactions. The first component, the preparation and characterization of single-molecule quality agarose and peptide-functionalized agarose substrates, is detailed in the Experimental section. The remainder of the current work as described below demonstrates the achievement of the latter two of these pre-requisite steps on the path towards the single-molecule study of protein chromatographic separation.
We have used fluorescence correlation spectroscopy (FCS) to probe the dynamics and interactions of various probe molecules with hard and soft surfaces [Daniels, et. al. 2010; Daniels, et. al. 2011; Reznik, et. al. 2008] . In particular, we have shown that it is possible to position the ~2 µm high confocal Gaussian beam to span the solid-liquid interface using a piezo-electric positioning stage, such that hindered diffusion due to interfacial effects can be distinguished from free diffusion. Using this technique, in combination with single-molecule imaging and analysis algorithms, we can resolve and differentiate between nonspecific and specific interactions of the protein with the functionalized surface. These dynamics are important in understanding and optimizing the microscopic processes underlying chromatographic performance.
The dynamics of single molecules of Alexa Fluor 555 ® (Alexa 555) dye and Alexa 555-labeled α-lactalbumin protein were studied above glass ( Figure 1A ), spin-coated agarose thin films ( Figure 1B) , and cluster-charged peptide (penta-argininamide)-functionalized agarose surfaces ( Figure 1C) . We monitored the interactions of the anionic protein with the anionic glass support, the agarose support matrix and the cationic anion-exchange ligands. Using free Alexa 555 dye as a reference, the hindered diffusion of single molecules of the Alexa 555-labeled protein in the presence of the clustered-charge ligands was quantified. Our ability to resolve protein free diffusion, hindered diffusion and association with the surface demonstrates that this method can be effectively used to characterize clusteredcharge IEX at the single-molecule scale.
Materials and Methods
All chemicals were obtained from Sigma-Aldrich unless otherwise noted. Much of the experimental methodology has previously been reported [Chen, et. al. 2011; Daniels, et. al. 2010; Fu, et. al. 2007; Reznik, et. al. 2008 ].
Agarose Surface Preparation
All solutions were prepared with DI water unless otherwise noted. No. 1 glass slides (VWR, 22×22 mm) were cleaned in a TL1 solution (4% (v/v) H 2 O 2 (Fisher Scientific) and 13% (v/ v) NH 4 OH) at 80 °C for 90 seconds and then plasma cleaned in O 2, on medium power, for 2 min (Harrick Plasma, PDC-32G). Silicon templates (Grace Biolabs) were placed on the slides and 1 mL of hot 1% (w/w) agarose solution (US Biological) was spun onto the slides at 2000-3000 rpm (Model WS 400A 8NPP/Lite spin coater, Laurell Technologies Corp.). To immobilize the peptide, agarose surfaces were activated with aldehyde groups by treating the surfaces with 20 mM NaIO 4 for 30 min as described in Afanassiev et al. [Afanassiev, et. al. 2000] . After washing with DI water and drying with He gas, the activated surfaces were treated with a 5 nM solution of the penta-argininamide peptide (Biomatik, NH 2 -GGRRRRRamide; the amide form of the peptide was used to eliminate the negative charge on the C-terminus as previously described [Ajikumar, et. al. 2007; Berland, et. al. 1996 ]) in coupling buffer (100 mM Na 3 PO 4 (EM Science), 150 mM NaCl (Mallinckrodt Chemical), pH 7.2). The peptides were immobilized on the surface with several drops of 20 mM CNBH 4 (Pierce, diluted in 25% EtOH / 75% PBS) at 4 °C for 30 min. Excess uncoupled peptide was removed by rinsing with coupling buffer, and unreacted aldehyde sites were reduced with 66 mM NaBH 4 (in 25% EtOH / 75% PBS) at 4 °C for 5 min. The surfaces were finally rinsed gently with DI water and stored at 4°C, if not used immediately.
Fluorescent Dye Labeling of α-Lactalbumin
Labeling was done according to the manufacturer's protocol. Alexa 555 (max abs/em 555/565 nm) succinimidyl ester was dissolved in dimethylformamide at a concentration of 10mg/ml and 0.1ml of dye solution was slowly added to 1ml of 10 mg/ml Ca 2+ depleted α-lactalbumin ( Figure 2 ) dissolved in 0.1 M NaHCO 3 buffer, pH 7.4 , to preferentially label the protein amine terminus rather than lysine ε-amino groups [Xavier, et. al. 1997] . Initially, the protein was labeled with Tetramethylrhodamine isothiocyanate (TRITC) dye (max abs/ em: 540/580nm, as shown in Fig 5) . However, Alexa replaced TRITC due to higher photostability and brightness of the Alexa Fluor® dyes [Panchuk-Voloshina, et. al. 1999 ].
The reaction was incubated at room temperature for 1 hour under constant mixing, and stopped with 0.1 mL of freshly-prepared 1.5 M hydroxylamine, pH 8.5. The labeled protein was dialyzed against water for 24 hours and then against 10 mM Tris and 100 mM NaCl at pH 8.0 for 24 hours. To ensure complete removal of the unincorporated fluorophore, PD-10 desalting columns and/or gel filtration chromatography was used. Gel filtration was carried out on a Pharmacia FPLC system using Sephadex 10/300 GL (GE Healthcare) with 10 mM Tris and 100 mM NaCl at pH 8.0 as running buffer. The fractions with an estimated fluorophore-to-protein ratio of 1 ± 0.2 were used for the studies.
Fluorescence Correlation Spectroscopy
Measurements were taken on a home-built epifluorescence scanning confocal microscope, as detailed in the Supporting Information. Standard samples for calibrating the focal volume were prepared with a 1:1000 dilution of 100 nm FluoSphere beads (Invitrogen, max abs/em: 540/560 nm) in MB-grade water (HyClone). The resulting focal volume had a 1/e 2 beam radius of ~250 nm and height of ~2 µm [Qian and Elson 1991] . Alexa 555 and the dyelabeled α-lactalbumin were diluted in binding buffer (10 mM Tris-HCl (EMD), 10 mM NaCl, pH 8.0, in MB-grade water) to concentrations of 200 and 100 pM respectively. For analysis, translational diffusion is represented by the Stokes-Einstein relationship where the diffusion coefficient (D) is equal to (1) a rate directly proportional to the Boltzmann constant (k B ) and solvent temperature (T), and inversely proportional to the viscosity of solvent (η) and particle size (R h ). This implies that the characteristic diffusion time, τ D , is related by the diffusion coefficient by the following equation: (2) where r 0 is the radius of the focal volume, or the full width at half maximum of the laser.
The general form of the autocorrelation function is expressed by Eq 3: (3) for which the response is correlated by the overlay of the original function with its shifted self at lag time τ. The resulting convolution yields an exponential decay across τ. Another form of the autocorrelation function that integrates the Stokes-Einstein relationship and diffusion time is represented as (4) where V eff is the effective volume, 〈C〉 is the concentration of dye present, τ is the lagtime at which the function is correlated, τ D is the diffusion time, and z 0 is the beam height.
For systems where multiple species are present, a multiple-component expression is used, where n i is the brightness and C i is the concentration of the species i, as in Eq. 5. [Haustein and Schwille 2003; Tcherniak, et. al. 2009 ] (5) Autocorrelation data show the distribution of particle size and diffusion speeds within the solution, which makes it possible to distinguish between free diffusion, hindered diffusion, and anomalous adsorption behavior.
Using FCS to Measure Agarose-Coated Surface Interactions
The fluctuating intensities characterized by the FCS method are observed as fluorescent molecules pass through a tightly focused focal volume [Blom, et. al. 2010 ] as shown in Figure 3 , which roughly depicts our sample and observation volume. For this study, measurements were acquired with the focal volume centered first at the glass surface (Figure 3, left) , and then within the bulk solution (Figure 3, right) . Because the confocal beam height is ~2 µm, each measurement contains varying contributions from near the glass surface, near the agarose film, and deeper into the bulk solvent. By autocorrelating the acquired signal at each height and fitting to the multi-component equation Eq. 5, it is possible to distinguish bulk diffusion, hindered transport due to interactions with the agarose film, and longer-lived associations with the peptide.
Results

Agarose Surface Characterization
Ellipsometry (M-2000 ellipsometer, J.A. Woollam) was used to determine that the agarose and peptide-functionalized agarose surfaces were 88.6 ± 1.9 nm thick using the Cauchy dispersion model for transparent media. This makes the thin film 5% of the FCS beam height. To confirm the successful immobilization of the peptide and to check the heterogeneity of the substrate, we used a BODIPY 650-labeled peptide (K(BODIPY650)GGRRRRR-amide) immobilized on the agarose matrix as described above. Figure 4 shows a scanning confocal image of the dye-labeled peptide-functionalized agarose surface. The image confirms the successful immobilization of the clustered peptides, the efficiency of washing of the agarose surface post immobilization, and control of cluster density for single-adsorbate analysis. The characteristic inter-peptide spacing was calculated to be approximately 1 µm.
It was also necessary to characterize the presence of any detectable background fluorescence from the agarose film or peptide adsorbents, and to determine if there was significant nonspecific protein adsorption to the agarose support. This was achieved by scanning confocal imaging of the agarose support, with and without peptide functionalization, in the presence and absence of TRITC-labeled α-lactalbumin. The results are shown in Figure 5A -D, in which it is demonstrated that there was negligible fluorescence background from the agarose support and that there was negligible nonspecific protein adsorption. In particular, protein adsorption was only observed to occur when the agarose support was functionalized with peptides.
Diffusion of protein and free dye over treated surfaces
In Figure 6 , diffusion coefficients extracted from autocorrelation analysis are compared for free Alexa 555 dye (top panel) and Alexa 555-labeled α-lactalbumin (bottom panel) over glass, agarose, and penta-argininamide-functionalized agarose surfaces both in the bulk solution and near the surface. We observed that the anionic Alexa 555 dye exhibits no interaction with the anionic glass surface (Figure 6A ), since the measured diffusion coefficients are identical whether the confocal observation volume included the surface or was centered in the bulk solvent. This is expected, as we have previously reported that the anionic Alexa 555 shows negligible nonspecific interactions with anionic glass surfaces, in contrast to the commonly used cationic probe Rhodamine 6G [Blom, et. al. 2009; Blom, et. al. 2010; Daniels, et. al. 2010] . As expected, the mobility of the dye is greatly reduced upon conjugation to α-lactalbumin ( Figure 6D ), which has a much larger hydrodynamic radius [Berk, et. al. 1993] . However, that comparable bulk and interfacial diffusion coefficients for the Alexa 555-labeled α-lactalbumin indicates that there are negligible weak non-specific interactions between the protein and the glass surface, as was observed for the Alexa 555 alone.
As expected, both Alexa 555 and Alexa 555-labeled α-lactalbumin exhibit free diffusion when the confocal observation volume is focused in the bulk solution, far from the agarosefunctionalized surface (Figures 6B and E, respectively; blue) . When the observation volume includes the agarose-functionalized surface, however, both Alexa 555 and Alexa 555-labeled α-lactalbumin exhibit marked decreases in measured diffusion coefficients (Figures 6B and E, respectively; red) . This indicates that the diffusion of both analytes is hindered by the agarose support; the protein was hindered more strongly, likely because of its larger size.
The observed hindered diffusion could be caused by steric, electrostatic, and chemical contributions. First, agarose is known to form relatively large pores that can range from 9 to 90 nm in size [Langford, et. al. 2006; ]. As we have recently shown, soft porous substrates can form sieve-like structures that sterically hinder the diffusion of probes such as dyes and proteins via hydrostatic effects [Daniels, et. al. 2011] . Other proposed steric interactions that have been identified by FCS include coupling to higher-order polymer vibrational modes [Wang and Zhu 2010] . Thus, the overall effect of steric interactions would be to decrease solute mobility near, on and inside the porous substrate, which is consistent with the observed effects. Electrostatic interactions would be expected to yield repulsive forces between the anionic probes and slightly negatively charged agarose substrates. Repulsive forces (in contrast to attractive electrostatic interactions) would not cause a decrease in mobility, as observed here. Instead , repulsive forces would cause a decrease in surface concentration, as we have demonstrated via single event analysis and will discuss later in the manuscript [Daniels, et. al. 2010 ]. Finally, it is possible that the protein's hindered diffusion could result from hydrogen bonding between the protein and the support matrix [Fernandez-Sousa, et. al. 1978; Fernandez-Sousa and Rodriguez 1977] . This type of behavior has been observed with lysozyme, which is structurally similar to α-lactalbumin [Acharya, et. al. 1989; Qasba and Kumar 1997] . Single molecule imaging, and the extensive successful practical use of agarose-based adsorbents, offer strong evidence that there are only negligible nonspecific chemical interactions between the protein and agarose. Thus, based both on our experimental analysis and on our more detailed recent study of sieve-like behavior of porous soft interfaces [Daniels, et. al. 2011] , we believe that the primary contributor to the modification of protein mobility in agarose is steric interactions.
That we observe steric interactions between the agarose surface and both Alexa 555 and Alexa 555-labeled α-lactalbumin protein analytes contradicts an earlier study in which minimal steric surface interactions were observed when Fluorescence Recovery After Photobleaching (FRAP) was used to measure diffusion coefficients for α-lactalbumin interacting with 2% agarose [Pluen, et. al. 1999] . There are several possible explanations.
First, uncertainties in laser beam dimensions in FRAP experiments could lead to misrepresentation of diffusion coefficients and hydrodynamic radii. In contrast, the current work employs a characterization of the confocal beam dimensions as part of every measurement to ensure that accurate confocal beam dimensions are used in calculating diffusion coefficients [Daniels, et. al. 2010; Daniels, et. al. 2011; Reznik, et. al. 2008; Tcherniak, et. al. 2009 ]. Next, the present measurements employ a piezoelectric sample stage with nanometer stability precision for accurately (and reproducibly) positioning the confocal observation volume with respect to the thin supported film. As these and other depth-dependent measurements clearly demonstrate [Daniels, et. al. 2010 ], only by accurately overlapping the center of the Gaussian focal volume with the thin supported film is it possible to quantify the small contributions from surface interactions (see Methods section for discussion on focal volume). As demonstrated in Figure 6 , if the measurement is performed in the bulk of the solution (and away from the surface), bulk diffusion dominates the signal, and surface interactions are negligible. Finally, because the FRAP study employed 2% agarose, the smaller pore size, relative to that in the 1% agarose use in the present work, would further exclude the dye and protein analytes and perhaps minimize the observable effects of surface interactions.
Anomalously slow diffusion, which is evidence of long-lived association interactions between the α-lactalbumin and the surface, is observed with the penta-argininamidefunctionalized agarose surfaces ( Figure 6F ). The corresponding dye control, in which only hindered diffusion is observed with the Alexa 555 probe, is shown in Figure 6C . A further control, in which association-induced anomalous diffusion is demonstrated to occur only at discrete positions on the sparsely peptide-functionalized agarose surface, is discussed below.
The slow fitted diffusion coefficients, and the dominance of these events in the detected signal, even when the beam has been moved into the solvent, are indicative of association events [Daniels, et. al. 2010] . When long-lived interactions are the predominant phenomenon, these events dominate the autocorrelation decay curves, even when measuring further away from the surface. This results from the nature of FCS phenomenology, and is discussed in previous work [Tcherniak, et. al. 2009 ]. The anomalously long extracted diffusion coefficient indicates long-range Coulombic interactions between the cationic charge-clustered penta-argininamide and the anionic probe molecules, and is consistent with previous work on the adsorption of proteins on penta-argininamide clustered-charge adsorbents [Fu, et. al. 2007 ] Future efforts will employ single event analysis to extract association/dissociation constants under conditions relevant to practical separations, as demonstrated previously [Daniels, et. al. 2010 ].
Heterogeneity of the Agarose Surface
We would expect the slowest diffusion component, which we assign to protein-peptide associations, to be a localized observation. This is because the inter-peptide spacing is approximately 1 µm, and because the confocal beam radius is approximately 215 nm, and therefore the peptide spacing is sparse enough to differentiate between agarose-hindered diffusion and peptide association-induced anomalous diffusion on the same sample. This is demonstrated in Figure 7 , in which anomalous diffusion, indicating association events, is only observed at certain positions on the sample, as would occur when the observation volume overlaps a penta-argininamide-functionalized region. By moving to other portions of the same sample, it is possible to extract the same hindered diffusion data as would be expected if the protein were only above the bare agarose surface.
Protein-Peptide Interactions
We also used single-event frequency analysis to characterize repulsive interactions between probes and surfaces, which are more difficult than attractive interactions to assess with traditional FCS analysis. Repulsion is important, however, because it is the competition between specific adsorptive attractions and non-specific desorptive repulsive interactions, tuned with various elution buffers, that controls separation efficiency and resolution. We successfully demonstrated that it is possible to study repulsive interactions using single event (blip) frequency analysis of single events in which a dye-labeled analyte diffuses into the observation volume, is detected, and diffuses out again. Figure 8 displays the average number of events (with standard deviations over three samples) obtained for each acquisition period (trajectories binned up from 10 µs to 1 ms) as a function of distance from the surface for the dye-labeled protein over both agarose and penta-argininamide functionalized agarose surfaces. Whereas the relative number of observed fluorescence events is constant (within the measurement error) at all distances from the peptidefunctionalized surfaces, there were fewer detected fluorescence events near the pure agarose surface than in the bulk solvent. As discussed above, it is important to note that any detection of surface interactions far from the surface results from the nature of the confocal excitation volume (as discussed above), rather than from long-distance persistence of surface interactions.
The blip frequency analysis in Figure 8 clearly demonstrates a decrease in the number of diffusion events close to the surface for the protein-agarose system. This would be expected in a system in which electrostatic repulsion, in the absence of specific binding, causes a decrease in concentration near the support. The Coulombic repulsion between the likecharged protein and agarose resulted in a decreased number of events (and thus adsorbate concentration), closer to the surface.
With the peptide functionalized surface, the effects are less dramatic, as there are also attractive forces between the penta-argininamide and the protein, in addition to nonspecific repulsive forces. In the presence of the ligands, the protein has a higher probability of staying close to the surface. This is not seen in an overall increase in the number of events close to the surface, however, because the proteins are inclined to stick to the ligands, which restricts the diffusion and lowers the number of pure diffusion events observed. Even so, due to the heterogeneity of the surface (Figure 7) , there is still a probability that the proteins will be repelled from the surface into the bulk. This probably accounts for the slight increase in the number of events of the peptide-agarose surface moving from near the surface to the bulk solution, and also for the greater variability in the number of detected events close to the peptide-functionalized surface.
Conclusion
We have demonstrated the feasibility of each of the separate steps required for characterizing protein ion-exchange separations on a single molecule scale. We have prepared clustered-charge functionalized surfaces that show definite electrostatic interaction versus bulk diffusion. We have shown that it is possible to distinguish between free diffusion, hindered diffusion resulting from steric interactions with the interface, and electrostatic association. The benchmarks presented here for sample preparation and analysis will allow us to understand and optimize the clustered-charge ion exchange parameters at the molecular scale in future experiments.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Cartoon depiction of the dye-labeled protein diffusing over the three surfaces used in this work. Bare glass surface (A), agarose-coated surface (B), peptide-functionalized surface (C). Structure of Ca2 + depleted α-lactalbumin with five aspartate residues highlighted in yellow shown using Cn3D 4.1 viewer. This region of α-lactalbumin with a large number of aspartate residues, which forms a cluster of negative charge, has been shown to be the binding site of the calcium ion. Placement of the agarose-coated surface surface with respect to the focal volume. The focal volume can by shifted along the z-axis, such that (left) the observation volume includes a combination of the glass surface, the agarose gel film, and the bulk solvent; or (right) the observation volume primarily encompasses the bulk solvent. (Figure is Autocorrelation curves for Alexa 555 (top; A-C) and Alexa 555-labeled α-lactalbumin (bottom; D-F). The measurements were taken over glass (A, D), agarose (B, E), and pentaargininamide aldehyde agarose (C, F) surfaces. The measurements were taken with the confocal observation volume focused either in the bulk solution (blue) or including the surface (red) in 10 mM Tris-HCl, 10 mM NaCl, pH 8.0 at 22.1°C. Autocorrelation curves for α-lactalbumin at different locations on a peptide functionalized agarose surface measured in the bulk (blue) and at 0.5 µm from the surface (red). Measurements at certain locations on the same sample indicate only nonspecific interactions dominate transport phenomena (top panel). Measurements at other locations indicate strong interactions between the protein and the peptide-functionalized agarose surface (bottom panel). Single molecule blip frequency analysis of the Alexa 555-labeled α-lactalbumin diffusing over the agarose and peptide-functionalized agarose surfaces. The spread in intensity values for each point reflects reproducibility from multiple experiments. The negatively charged agarose repels the protein as shown by a smaller number of events near the surface as compared to the measurements in the bulk. The lines are included as a guide for the eye.
